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(1) 
Introduction 
In recent years the subject of hydrodynamically in-
duced crystallization of polymers from solution has received 
much attention in the literature, Despite this fact, neither 
the crystallization process, nor the precise nature of the 
crystalline morphology have been well understood, Much has 
been published about the conditions necessary to induce 
crystal growth and about the unique "bead-and-string" or 
"shish-kebab" structures observed upon viewing the fibrous 
products of indaced crystallization by electron microscopy, 
However, very few attempts have been made to relate the 
basic shish-kebab crystalline morphology to the events of 
the crystallization process, More often it has been assumed 
that the fluid mechanics of the crystallization process 
serve to produce a fibrous backbone and that the shish-kebab 
or bead structures are subsequently formed upon cooling by 
random nucleation and growth upon the extended chain back-
bone, This understanding of the crystallization process 
has led to the application of the terms "lamellar overgrowth" 
or "epitaxial overgrowth" when reference is made to the 
bead portion of the crystals, Through the lack of a better 
model, this interpretation of the growth process has up to 
the last few years received widespread acceptance, 
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In contrast, it has been our belief that many of the 
experimentally observed facts of the growth process warrant 
a different interpretation, The structural regularity shown 
by electron micrographs of shish-kebab crystals has not been 
adequately explained by the random nueleation and growth upon 
cooling model for shish-kebab formation. Instead, we have 
focused upon the possibility of a fluid mechanics explana-
tion for the presence of the observed platelet or bead struc-
tures upon the central backbone, 
The substance of this paper is presented in three dis-
tinct parts, The first section deals with a review of pre-
vfuously repor~1 results, The second part pre-
sents new experimental results obtained by the author, The 
·----------- ···-· ------·-··----.. _ 
third part presents a discussion __ Qf..J!}oq~1_s for induced 
---- . ····-----·-- -·-- ·-· -~ -----.-- -
crystal growth and for the resultant crystalline morphology. 
,..._--..._ ..... ._ . .,.,._,_ .. _.-
Previously proposed models will be reviewed and a new model 
will be presented, The new model, the author feels, better 
accounts for the observed experimental results than any 
previously proposed model for the crystalline growth process, 
-., 
(3) 
I, Background 
In tht~ discussion of the background leading up to 
this present work, attention will be focused primarily 
upon the publications of three different investigators, 
A, J, Pennings, A, Keller, and A. J. McHugh, A. J, Pennings 
from the Netherlands has been responsible for the most com-
prehensive and extensive studies of hydrndynamically in-
duced crystallization of polyethylene. His various publi-
cations deal with crystal growth, molecular weight effects, 
crystalline morphology, melting behavior, and physical 
properties of the crystals. A, Killer and his colleagues 
from the University of Bristol, United Kingdom, have also 
presented a rather extensive anaihysis of the crystalline 
morphology and more recently have devised a method for pro-
ducing crystallization using two impinging jets. 
A, J, McHugh, under whose direction this work has 
preceded, has published his doctoral work from the University 
of Delaware in a paper entitled "Extensional Flow Induced 
Crystallization from S0lution11 • 1 In this paper published 
gointly with J, M, Schultz, McHugh describes a method for 
producing hydrodynamically induced crystallization of poly-
ethylene from solution utilizing an apparatus consisting 
of a plunger moving up and down within a cylindrical chamber, 
Dr, McHugh's paper should be considered the starting point 
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for this present work, 
In addition, the ~esults and conclusions from a 
paper by D, Kraeger and G, S, Y, Yeh of the University of 
Michigan will be discussed. 
A. Crystal Growth 
In one of his earliest articles on induced crystalli-
zation of polymers from solution, A, J, Pennings has noted 
that mechanical agitation of solutions of low molecular 
weight compounds can induce nucleation with a lower degree 
!> 2 of supercooling thanArequired for undisturbed solutions, 
He also adds that the rate of crystal growth may be enhanced 
by either rotating the crystal in solution or by stirring, 
Since the early 1960s, a similar phenomenon has been observed 
with regard to solutions of high molecular weight polymer, 
most notibly polyethylene, By itself the observation of 
this phenomenon with solutions of polymer would not be 
particularly notable were it not for the dramatic change 
in crystalline morphology that accompanies mechanically in-
duced crystal growth, Due to the long chain nature of linear 
polymers, some of the high molecular weight chains become 
uniaxially alligned during the crystallization process, 
This allignment has been shown to impart unusual physical 
properties to the ~ibrous crystals that form, Reference is 
made to Penning's fifth article of his series on induced 
crystallization subtitled "Tensile Properties of Fibrillar 
Polyethylene Crystals"} A detailed investigation of the 
. !, 1( i 
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morphology of these fibrous polyethylene crystals has revealed 
a well-ordered;b~t highly different structure from the 
lozenge shaped crystals obtained from quiescent solution 
crystallization, Observation of the basi• morphology of 
these induced crystals has led to the application of the 
descriptive term "shish-kebab", 
A number of different experimental techniques have 
been utilized to obtain fibrous crystals of polyethylene from 
dilute solution, In one of the earliest published reports 
describing the phenomenon of induced crystallization of 
polymer from solution, published in 1963, Blackadder and 
Shleinitz reported crystal growth by subjecting a solution 
of polyethylene to ultrasonic radiation. 4 
Pennings' wori has been based upon polyethylene crystals 
obtained by stirring dilute solutions of the polymer, He 
has used two types of stirrer, either a paddle type stirrer 
or one of cylindrical shape immersed in a cylindrical vessel 
containing the polymer solution, His first published re-
port of induced crystal growth by this technique appeared 
in the literature in 1965, It should be noted that most of 
what has been learned about the phenomenon of induced 
crystallization of polymers has been obtained from analysis 
of stirrer grown crystals, 
More recently, Frank, Keller, and Mackley have reported 
induced crystal growth by passing a dilute polyethylene 
solution through two impinging jets,5 As mentioned previously, 
j, 
(6) 
McHugh has grown fibrous polyethylene crystals in an 
apparatus consisting of a plunger moving up and down within 
a cylindrical crystallization chamber,1 
Crystals obtained by each of the above techniques, 
with the exception of those taken from the impinging jet 
experiment, have been observed by electron microspopy, 
and all of the samples have exhibited the familiar "bead-
and-string" or "shish-kebab" type structures, It is ex-
pected that micrographs of material obtained from the 
Frank, Keller, and Mackley experiment would also exhibit 
the same type of structure, 
Penning~ work with the cylindrical shaped stirrer 
or Couette-type geometry has produced some interesting 
and informative results about the nature of the nucleation 
process, In the second paper of his series on induced 
crystallization subtitled "The Effect of Secondary Flow", 
Penningsodescribes the required conditions for inducing 
crystallization of polyethylene with the Couette-type 
t . . t6 s 1rrer exper1men, Using this type of geometry, Pennings 
found thact the inner cylinder1at a speed above a certain 
critical number of revolutions per minute1 resulted in 
induced crystallization, Most significantly, crystal-
lization occurred only in specific regions of the hydro• 
dynamic flow field and was depositiddat regular intervals 
upon the inner -~ylinder that served as stirrer, It was 
subsequently discovered that the minimum inner stirrer 
speed for which indiced crystallization would occur cor-
responded to the speed at which ·the laminar flow field 
' l 
broke down to form a stable turbulent flow field. Dye 
studies revealed a flow pattern indicative of Taylor vortices, 
Crystal growth was found to occur only in portions of the 
flow field where two vortices rotated together in opposite 
directions, When the experiment was repeated by rotating 
the outer cylinder, leaving the inner cylinder stationary, 
a factor of ten increase in revolutions per minute was re-
quired to induce crystallization as compared to that re-
quired when the inner cylinder was rotated, Rotating the 
outer cylinder resulted in stabilized laminar flow, Again 
crystallization was not observed until the onset of tur-
bulence, 
One quickly reaches the major conclusion from Pennings' 
work with the Couette stirrer experiment that pure laminar 
shearing flow is not smfficient to induce crystallization, 
A close look at the Taylor vortex flow pattern reveals 
that in the regions where two Taylor vortices flow together 
in oppositJ directions, a fluid element will be alternately 
stretched and compressed as it passes through the region, 
Thus the conclusion must be drawn that these regions of 
extension or compression must be required for nucleation, 
that If one accepts the hypothesis/\to produce uniaxially alligned 
polymer crystals, the polymer chain must be alligned par-
allel to one another and drawn together, Then an extensional 
flow field would be required to stretch out the polymer 
chains, A purely shearing .flow field would rotate rather,J 
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than extend the chains, Pennings clearly states that in 
his estimation the nucleation process is based upon the 
existence of regions of elengational flow, 6 
As stated by Pennings, pertinent to this argument 
is the experience of Blackadder and Shleinitz with their 
ultrasonic radiation experiment.~ Blackadder and Shleinitz 
found a minimum power of a~l mW/cm~ was necessary to produce 
induced crystallization. This critical power require-
ment would correspond to the minimum elongational or ex-
tensional component of the acoustic field required for 
nucleation. 
Of all the methods utilized for inducing crystal-
lixa~ion, !pnnings' paddle stirrer experiment has proved 
f . 6 the most ef ect1ve. Vigorous high speed stirring with the 
paddle has produced induced crystallization of 5 wt.% 
Marlex 6050 polyethylene in xylene at temperatures up to 
112°c. The temperature limit of other techniques seems to 
be on the order of 107-110°c. Again regions of exten-
sional flow within the turbulent flow pattern must be held 
responsible for crystal nucleation. The paddle stirrer at 
high speeds would be expected to produce powerful eddys 
which at points where two eddys flow together would pro-
duce powerful strain regions of extensional flow and, 
hence, sites for nucleation. 
The Couette experimentslrnf Pennings clearly demon-
strate the importance of extensional flow to the nucleation 
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of "shlsh•kebob" type fibrous crystals, However, the 
desire to produce a flow. field better suited to analysis 
than Taylor vortex patterns has led to two more recent 
~ experiments. of Fr~, Keller, and Mackley,~ and of McHugh 
and Sohultz,1 Both groups have attempted to produce well-
defined, analyzable regions of extensional flow in which 
to demonstrate and investigate induced crystallization of 
polyethyllne, 
The Frank, Kelle_r, and Mackley experiment consists of 
two chambers within a single larger vessel. A* the bottom 
or each of the chaa~ers is a bent syringe needle of 0,5 mm 
inside diameter. The two syringe needles are alligned so 
as to:provide ·that each is directed at the other, Depending 
upon whether pressure or suction is applied to the two 
inner chambers1polyethylene solution will be forced out 
the jets or be sucked into the chambers. ,,., .. ar, would 
provide a compressional flow along th·e axis between the 
two j~ti,, Biaxial orientation of polymer chaine within 
a plane.of symetry at the exact center of that axis would 
be the result. Suction would produce purely extensional 
flow.along the axis between the two jets, Uniaxial 
orfentatlon of polymer chain parallel to this axis would be 
expected, In the pressure case, Frank observed crystalliza-
tion along a sharply defined line on the symetry plane 
of the system ,with indications tha·t what was being observed 
',, 
was a disc seen in edge-~n view. However, when flow was 
terminated the disc collapsed. 
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In the more pertinent suction case, crystallization 
occurred along the symetry axis between the two jets, When 
flow was terminated, fibrous crystals remained bridged 
between the jet nozzles, Frank, Keller, and Mackley present 
these results as direct confirma.tion of Pennings • conclusion 
that extensional flow is the prime cause of induced !ibrillar 
crystallization, Birefringence was utilized in the experi• 
ment as an analytic tool to determine chain orientation, 
It is the opinion of this writer that the Frank, Keller, 
and Mackley experiment provides the best means of obtaining 
an analyzable extensional flow field that has been devised 
to date, Hence, the experiment provides the best means for 
the investigation of the nucleation phenomenon, Unfortunate-
ly, Frank, et al, have not yet provided any analysis of 
the crystals they have grown, Without information about 
the crystalline morphology or melting behaviour of their 
material, no new conclus1ons may be drawn about the structure 
of or growth mechanism of "shish!kebab" type fibrous crystals, 
In the paper entitled "Extensional Flow Induced 
Crystalliation from Solution", McHugh has presented the 
results of a comprehensive investigation into the nature of 
1 the induced crystallization phenomenon, The paper deals 
with crystal growth and crystalline morphology, Results 
of transmission electron miorospope, melting scan, acid 
etching, and wide angle x-ray studies are presented along 
with a mechanism for crystal grwwth. The experimental 
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apparatus utilized to grow the crystalline samples consisted 
primarily of a football shaped plunger that moved at constant 
·-· 
speed up and down within a cylindrical chamber filled with 
dilute polyethylene solution. The crystallization chamber 
was held at constant temperature by immersion with a con-
stant temperature oil bath. As with the experiment of 
Frank, et al., the desire to produce an analyzable fluid l flow field provided the motivation for devising the experi-
ment. As the plunger was passed up and down within the 
crystallization chamberJa fluid element would be forced to 
increase in velocity as the plunger began its pass, A 
corresponding decrease in velocity would occur as the bob 
kompleted its pass. These periodic increases and decreases 
in velocity would then correspond to periods of extension 
followed by compression. Nucleation would thus be expected 
to occur between the sides of the crystallization vessel 
and plunger as the plunger passed up and down. 
Results of crystallization runs with the football 
shaped plunger and more recent experiaants with a similar 
apparatus have shown that fibrous crystallization does in-
deed occur., The morphological features of the crystals 
thus obtained show the familar •shishlkebab" structure 
indentical to those obtained from Pennings' stirrer experi-
ments. However, the experiment suffers from the defect 
that one cannot be sure of exactly which region within 
the chamber nucleation has occurred, At lower temperatures, 
below 100°c, a film was observed to form on the plunger. 
I, 
{12) 
Thia re1'1].t would be consistent with the lssumptions 
I/ 
' 
1· I' 
\ .. 
\ 
upon:which 'the experi•nt wae based. At ·higher temperatures 
,· 
.,;;. 
.'"': 
j. f'. 
Bibers were eb•erved to torm down the length of the c~•b•r, >. :>"~~-
·1; Howeve·r, tbe majority ot t~e crystalline material was ob-
,· 
,; i .i: 
served to form as a "plu8" around the plunger rod at eaeh 
:' . ·!· •• iij 
end of t'he crystallization chamber. Thus, tro11 an experi-
. .. . ~ l i I 
:i 
,,., 
J 
I mental point of view the exact sites of nucleation within 
1 
the orystalliza~ion lhamber become .,-.:1om•what qu•ttionable, I • :1 
•.• ! 
.1 
i 
.;'. ! 
Cryst!l!1zation runs with ultra-high molecular weight I 
.j 
i 
polyethylene·have resulted in the growth of fibers only at -1 I 
' 
/ 
j the ends of the ch•ber. This observation leads .. to con-I 
i elude that the· ends are in fact the sites for both nucleation l ;j 
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a.nd cry,tal growth. I J 
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l The experiment remains an effective means for producing l 
• ) 
induced crystallization of polyethylene. The flow field 
• I 
j obtained by the plunger experiment is unquestionably dif-
1 
ferent :from that of Pennings1stirrer experiemnts. Through j ·,1 
l the observation of small air bubbles trapped within the ·1 
.. 
1 
crystallization chamber a qualitative understanding of the 
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J. ] fluid flow pattern at the top and bottom ot the crystalliza-
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tion chamber has been achieved. As the plunger moves 
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schematic presentation of this fluid flow pattern is 
presented in Figure 1, 
Comparison of the plunger experiment with Pennings' 
stirrer experiments reveal that a much longer period of 
time is required to produce analyzable yields of !ibrous 
crystal with the plunger experiment than with the stirrer 
experiments, One reaches the conclusion that the stirrer 
experiments provide a far more efficient means of growing 
in~ed crystals than the plunger experiments. 
As noted, each of the above mentioned techniques 
has been successfully applied to produce nucleation and 
growth ot polyethylene "shish-kebab" or "bead-and-string• 
type fibrous crystals, From Pennings' work with the 
Couette-type stirrer experiment, each of the above men-
tioned authors has accepted the conclusion that to induce 
nucleation, an elongational or extensional fluid flow field 
is required, However, in a report published within the 
past year, Pennings has described an experiment in which 
crystal growth was obtained from a process consisting of simple 
?,, 
slearing flow devoid of extensional components,· The fluid 
velocity gradient was considered to be entirely perpendicu-
lar to the direction of fluid flow, or, in other words, 
purely shearing flow. 
In the Pinnings experiment,a eeed crysta~ placed in 
the Couette-type apparatus was wound up at a speed equal to 
its longitudinal growth rate. It is stated in the report 
1.' 
I • 
(14) 
Figure 1 - The fluid flow pattern in the ends of the plunger apparatus. 
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that the growing tip ot the seed crystal remained in the 
same position in the tlow field close to the rotating 
, inner cylinder and thts,continuous winding produced a 
polyethylene crystal of 250m in length tt a growth rate of 
8 cm per minute, Electron micrographs of the crystal thus 
obtained show the familiar "bead-and-string" or "shish-kebab" 
structures, 
--
The implication of this most recent of Pennings• 
publiehed experiments seems quite clear, Although ex-
tensional flow must still be regarded as necessary for 
crystal nucleation, simple shearing flow can'continue, the 
growth process, The importance of these experimental ob-
servations of Pennings with regard to the formation of 
a model for the growth process cannot be underestimated, 
B, Morphology 
Early observations of the fibrous products of induced 
crystallization from solution by electron microscopy have 
revealed a structure of platelets held together by a thin 
central thread or backbone, Hence;the term "shish-kebab" 
was conceived to describe these basis morph9logical fea-
tures, It was later found that washing the samples with 
fresh solvent at the crystallization temperature produced 
what appeared to be a smooth fibrous backbone completely 
devoid of latitudinal platelats which gave rise to the term 
"shish-kebab", More recent stuiies have shown under 
high magni.tication,that this smooth/fibrous/bao.bone .si•~t'11 
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contains a"ehieh-kebab" type substructure which some 
.t!rO investigators, notably Keller and Willmoutlf, have termed 
"micro-ahish-kebab", It ie the 'lhicro-ahish-kebab sub-
~tructure with which this paper principly deals, It is.__, 
beyond question that the platelets of material that can •.· 
be washed away by solvent at the crystallization temperature 
contain to a large extent chain-folded material, P~in-
cipally, this material is assumed to be little different 
than the lamellar, chain-folded crystals that may be grown 
from quiescent solution. To date, however, no experiment 
has been devised to produce purely axially oriented poly-
ethylene backbone completely devoid of a micro-shish-kebab 
substructure. In thie paper the distinction between the 
terme shieh-kebab and micrs-shish-kebab will be retained 
as it applies to the work of Keller and Willmouth. How-
ever, it is the opinion of this author that the difference 
is one of degree rather than kind, that, in fact, micro-
ahish-kebabs are small shish-kebabs grown at higher 
cryetallization temperrtures, over l00°C, completely 
devoid of washable material. 
In a 1967 paper, Keller and Machin became the first 
to comprehensively describe these small shish-kebabs which 
they call micro-shish-kebabs,e They found that to properly 
observe the highly regular structure, extensive washing 
with fresh solvent was required, Electron microepopy of 
their stirrer grwwn Cry1tals produced from xylene solution 
kt 100 and 1058 C revealed smooth, flat ribbons of between 
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0 lOOOA and a few microns in width. Closer examination, 
however, revealed a highly regular cross-banded structure 
<) 
of approximately 200 A scale, Ultrasonic treatment of 
the sampl~)-\ was :round to splay the ribbons longitudinally 
into individual or groups of fibrils that displayed a 
distinct shish-kebab appearance, The photomicrographs 
revealed that micro-shieh-kebabe of individual fibrils 
seemed to fit together with those of other fibrils in a 
zip-fastener fashion. Often Keller and Machin observed 
the micrn-shish-kebab structures of individual fibrils 
to be covered with a thin transparent shief/which they 
described as a veil. 
In the case of chain-folded material it has been 
observed that fuming nitric acid will preferentially 
attack the exposed folds, Thus it might be expected to 
attack the shish-kebabs or micro-shish-kebabs in preference 
to the uniaxially orianted backbone, Kellerrand Machin 
obserYed that treatment of their micro-shish-kebab sample 
~only served to make the shish-kebab structure more distinct 
by removing the connecting veil, 
As a result of their observations, Keller and Machin 
concluded that whenever large-scale pure fibers have been 
observed, that, in tact, they contain a micro-shish-kebab 
substructure, They also concluded that the platelets of 
these structures must contain molecules at least partly in 
a chain-folded configuration, Thus, they concluded that 
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stirring has induced chain-folded crystallization far above 
temperatures where such crystallization is normally pos-
sible, If one accepts Pennings cooling theory,one need 
not come to this same conclusion, Keller and Machin come 
to no further conclusions as to the nature of the crystalline 
morphology or the mechanism of crystallization, 
In the third article of the series, Pennings, van der 
Mark, and Kiel discuss their observations and interpreta-
tions with re~rd to the crystalline morphology of stirrer-
induced polyethylene crystals,9 It seems clear that Pennings 
and his collegues regard the crystallization as a two-step 
process whereby the extended chain backbone is produced 
first, and then, upon cooling, epitaxial overgrowths form 
upon the smooth backbone to produce the shish-kebab structure 
of the crystals, This process would apply both to shish-kebabs 
grown at low temperatures as well as high temperature, 
well-washed micro-shish-kebab structures of Keller and Machinr 
In the paper Pennings, et, al,, discuss both the cases of 
unwashed crystals and the more pertinent case of crystals 
subjected to selective dissolution, Variablaasuch as 
crystallization temperature, molecular weight, rate of 
stirring, and wash procedure were investigated as to their 
effect upon the crystalline morphology, In addition to 
making a number of extremely interesting observations 
that extend the work of Keller, and Machin, Pennings, et • 
al,, provide explanations of the various morphological 
phenomenon ~bserved consistent with their own interpre-
tation of the growth process, 
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In their observation ot crrstals subjected to·selective 
.. 
did!btlution, Pennings, et, al, refer to the !attitudinally 
oriented platelets of the shish-kebabs a1 lamellae, a term 
consistent with the concept of lamellar owergrowths, They 
note that in one of their selective dissolution stpdies of 
Marlex polyethylene grown at 102°c, the average diameter 
~ all 
of the lamellae was reduced from 2100A to 700A, Signifi-
"' Cl cantly, average spacings were also reduced trom lloo·A to 540 A, 
Pennings, et, al,, conclude from these date that the lamellae 
were not formed at the crystallization temperature of 
102°c, They report that the reduction of the spacing by 
a factor of two seems to indicate that dissolved polyethylene 
has recrystallized in between the remainders of the original 
lamellae, They state that to account for this observation, 
the crystal structure of the lamellae near the backbone 
must possess a higher degree of ordering than the structure 
at the tips, Pennings, et, al,, cite as consistent with 
this interpretation the extremely significant observation 
that the thickness of the platelets, or lamellae as they 
are referred to, decreases with distance from the central 
backbone, 
A particularly puzzling aspect of this paper arises 
with regard to attempts to isolate the central backbone 
free of lamellae or shish-kebab structures, Contraryt•o 
the obeervati,ns of Keller and ·MachiJtr and the later ob-
,11 
servatieaa ot Keller and Willmouth·', PeMings, et, al, 
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') 
report that selective dissolution has proved capable•• 
\ 
producing smooth ribbons by removing lamellar overgrowths, 
In the paper they have published a photomicrograph pur-
'porting to show part of a completely smooth backbone devoid 
of shish-kebab structures, It is believed that under 
greater magnification the emooth backbones of Pennings, et, 
al,, would reveal the micro-shish-kebab structures of Keller 
and Mackin and Keller and 111.maaalh, 
Another puzzling aspect of the Pennings, et. al,, 
paper arises from an observation that is made and then dis-
regarded, In their examination of electron micrographs of 
well-washed shish-kebobs grown under widely differing 
crystallization conditions, they observed that larger sized 
lamellae appeared to be spaced somewhat further apart than 
smaller lamellae, From measurements of center-to-center 
distances between lamellae and measurements of lamellae 
diameters they clearly demonstrated that a new one to one 
correllation between center to center spacing and diameter 
exists for well-washed shish-kebabs, They then, however, 
state that although the spacings and the lamellae diameter 
for a particular sample seem quite regular at first sight, 
closer inspection reveals some degree of variation, Thie 
observation of Pennings, et, al,, does not, as they imply, 
invalidate the average diameter or average apacing correla-
tion ebeerved for a number of different samples, From the 
Pennings, et. al, observation of the one to one correlation 
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and from the further corroberating work of McHugh and 
Schultz1, ~ne is inclined to accept the existence of the 
correlation, 
The existence of a one-to-one correlation betwe:an 
average center-to-center spacing and diametermwould pre-
clude the idea that bead or kebab formation occurs by a 
random nucleation process upon the pre-formed smooth back-
bone, Pennings, et. al,, cite the work of Keith, Padden, 
and Vadimsky io as evidence for random nucleation. In the 
absence of flow Keith, et. al,, demonstrated the formation 
' of epitaxial overgrowth upon intwrcrystalline links when 
the intercrystalline links were brought into contact with 
polyethylene solutions. In some cases the formation 
of these epitaxial overgrowth upon the intercrystalline 
links produced structures strongly reminiscent of shish-
kebab structures, It is here noted, however, that the 
e;itaxial overgrowths of Keith, et. al,, appear rectan-
gular in shape. As Pennings, et. al,, have observed the 
lamellae of shish-kebabs appear more tapered as distance 
from the central backbone increases. McHugh1 has demon-
strated that, as with unwashed shish-kebabs, no one-to-one 
correlation exists between average center-to-center span-
ning and diameter for epitaxial overgrowth. 
It would appear that to accept the judgment of 
Pennings, et. al., that shish-kebab structures may be 
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entirely explained as the result of epitaxial overgrowth 
formation on a smooth backbone, one must reject entire-
ly the idea of the one-to-one correlation and accept 
the results of Keith, et, al,, as applicable to shish-
kebab growth. As further evddence of the non-existence 
of a correlation, Pennings, et. al, , , plot on a •cathr.' 
diagram different measure!ihents of lamellae diameter and 
the corresponding spacing from a single crystalline sample, 
These measurements did not meet statistical significance 
criteria for a linear correlation between diameters an~ 
spacings along a single fiber, However, they state that 
the non-existence of such a correlation does not preclude 
a relationship between the average values from different 
samples, On the contrary, they state that average spacing 
seems to increase with the concentration of the polymer 
surrounding the backbone, 
In order to ascertain the effect of temperature 
upon the average spacing of lamellae, Pennings, et, al,, 
conducted a series of stirrer grown crystallization 
experiments at temperatures of 90°c, 100°c, 102°~, ~iand 
l06°c. Each of the samples was washed in precisely the same 
manner 
:q 
1;,' 
:;ii, 
:.,i 
'' 
! 
l 
I:' , 
/• 
11 Ii· 
I' 
!: 
IJ, I· 
ii: 
i 
i 
I 
il 
i 
-·----.:.i...;.;.~ . >~-· - ·- . 
-, :• 
, ' 
(2J) 
and all of the well-washed fibers exhibited average spacing 
0 
of 750A exclmding the possibility that the lamellae are 
associated with a temperature dependent defect of the 
backbone substrate •• 
It is interesting to note the explanation Pennings, 
et, al,, provide for the formation of the "vwil" around 
shish-kebab structure first observed by Keller and .Machin .. 
Pennings et. al, attribute the veil to the formation of 
extended chain crystallization between ~acent lamellae. 
Once the lamellar overgrowth has nuleated upon the backbone 
to form chain folded conformations, the authors state that 
the crystallizing molecules are "reeled in" from the inter-
vening gap towards neighboring lamellae. This "reeling in" 
process causes extension and hence might prove effective 
in the formation of a thin crystallized sheaf of extended 
chain material about the extended chain backbone. 
Extremely pertinent to the formation of their model 
for crystal growth was the Pennings, et, al,, observation 
of smooth, tapered tails at the ends of individual fibrous 
crystals, The substance of that model will be dealt with 
later within this paper, However, the tails suggest to 
Pennings, et, al,, a simple unrolling mechanism to account 
for crystal growth, In their observation of the tails, 
Pennings, et. al., note that the transition from lamellar 
r- . 
o~rotta to smooth backbone material begins with the onset 
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of tapering of the backh:lne. They also note that the ef-
feet was observed for both washed and unwashed specimens. 
Despite these observations concerning the tails, one should 
not rule out the possibility of a micro-shish-kebab structure 
within the tails. 
In a paper that must be regarded as an extension of the 
work of Keller and Machin, Keller and Willmouth explore 
further the morphology of shish-kebab crystals grown by 
the stirrer-induced crystallization:1 The most interesting 
of these observations concerns the possibility that smooth 
extended chain backbone material has been isolated complete-
ly devoid of shish-kebab structures, Keller and Willmouth 
discovered that neither extensive washing, nor etching with 
fuming nitric acid was capable of denuding the extended 
chain backbone of an observed micro-shish-kebab substructure, 
In fact, electron microgra,hsof what appeared to be smooth 
backbone material, upon closer examination, always proved 
to exhibit latitudinal striations characteristic of micro-
shish-kebab;, 
It is in this paper that Keller makes a distinction 
between shish-kebabs and micro-shish-keb~bs, Keller and 
Willmouth would accept the judgment of Pennings that low 
temperature, poorly washed, stirrer-induced crystallization 
experiments produce shish-kebobs that be characterized as 
lamellar overgrowths. Under these conditions, Keller and 
Willmo~th accept the idea that only a central backbone forms 
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from the highest molecular wiight material and that 
platelats deposit upon the central backbone with sub-
sequent cooling. Keller and Willmouth observe, however, 
that whenever isolated backbone material can be obtained 
free of shish-kebabs, a micro-shish-kebab substructure will 
be observed. From this description, it is the understanding 
of this author that Keller and Willmouth believe that the 
shish-kebabs are, in fact, always superimposed upon a 
micro-shish-kebab substructure. However, Keller and 
Willmouth only demonstrate that whenever the backbones 
appear devoid of platelets, smaller platelets may be ob-
served upon closer examination. / 
An observation of Keller and Willmouth based upon 
their momparison of mis~opeopic properties of shish-kebabs 
and micro-shish-kebabs deals with the microspopic makeup of 
platelets in each case. Their results seem to confirm 
that the major constituents of low-temperature shish-kebab 
fibers are chain folded, lamellar owergrowths.as suggested 
by Pennings, However, they state that their evidence 
suggests that micro-shish-kebab fibers consist only 
partly of extended chain crystals despite the fact that the 
100-4001 cross-banded structure suggests to them that at 
least some of the molecular chains are folded, Keller 
and Willmouth cite wide-angle x-ray diffraction, melting 
l~and nitric etching evidence to support their conclu-
sions. They st.ate that a dual ·folded.!/ extended-chain 
structure is confirmed by analysis of the molecular weight 
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distribution of nitric acid degraded material, In addition, 
the absense of discrete low angle x-ray diffraction maxima, 
they point out, is indicative of fold period irregularity, 
They also examined the superheating behavior of micro-shish~ 
kebabs and found only a slight tendencJ of the material to 
stabilize with annealing. 
Because of these experimental results, Keller and 
Willmouth conclude that within the micro-shish-kebab 
platelets one could conceive of single moleculaB threading 
their way through extended and folded-chain segments. The 
chain folded regions, they state, would consist of short 
molecular lengths tethered at each end by extended chain 
segments, The tethering, they conclude, account for the 
only slight increase in stability upon annealling due to 
suppression of fold length increases, 
The conclusions of Keller and Willmouth seem to-·imply 
that a different interpretation than mere lamellar over-
growth formation is required to explain the phenomenon of 
micro-shish-kebabs, If, in fact, micro-shish-kebabs were 
formed by random nucle~ion and growth of chain folded 
crystallitat upon cooliWone would expect that these 
micro overgrowths could be washed away by repeated appli-
cations of fresh solvent at the crystallization tempera-
ture or by subjection of the crystals to hot fuming nitric 
acid, 
Perhaps the most significent work to have a bearing 
upon the structure of the micro-shish-kebabs has been 
;j 
l. 
: I 
\,i, 
11; 
,, 
I• 
I· 
i ! / 
q 
r. 
n· 
I. 
'i I ( 
I 
I 
! 
II 
rl I 
,I· jl, 
ii 
:1 
I: 
I; 
L 
I' ' 
:I 
! : 
. ' 1 . 
'') 
.~-· ----'""''--~-...;,.;,;_.,_ __ ._-... ~·.-... - -, -
. ' '·-., 
.. . : 
. . 
.- , .. -· .. 
I r, . 
·.··,..... ..... 
"..... ""' .. 
r"\ . •, ,-.. 
" r. 
.- ' 
. " ·. _, .. ~. - .~ 
(27) 
reported in the recent 1972 paper of Kreuger and Yeh,12~ 
Not omjy does the paper sustantiate Keller and Willmouth•s 
conclusion that micro-shish-kebabs consist only partly 
.. 
of chain folded material, but it establishes with a large 
degree of certainty that micro-shish-kebabs cannot be epit-
axial overgrowths such as those observed by Keith, Padden, 
and Vadlmskjjo upon intercrystalline links, The most 
significent of Kreuger and Yeh's experiilmail.ts deals with the 
stretbbing of individual shish-kebab fibril upon a sheet 
of mylar film, Extensions of greater than 1000% 8f their 
original length were pbtained for individual fibrils, 
Upon stretching shish-kebab fibrils grown from stirred 
solution at 100°6 and well washed with a large quantity 
of fresh solvent, Krue~er and Yeh observed that platelets 
or kebabs originally about 125A to 225A in thickness 
would begin to "thicken" or draw themselves out to a 
D thickness of 250 to 500A, Further elongation was shown 
to further reduce kebab diameter and further draw out 
the kebabs until they -c,ould no longer be detected by 
electron microscopy, 
In substantiation of Keller and Willmouth 's con- / . 
clusions concerning the structure of individual fibrils,11 
Krueger and Yeh carried out selected area electron dif-
fraction upon a group of shish-kebab fibers alligned in a 
single direction, They state that their results show a 
well-defined fiber pattern with the kebabs alligned along 
the C-axis, However, they state that the kebabs do not 
necessarily appear as single crystals, They indicate 
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that most of the diffracting regions are much smaller in 
width indicating that each kebab consists of many smaller 
C-axis oriented crystallites with random rotation about the 
C-axis, 
Another significant result from the work of Krueger 
and Yeh has been the observation that upon annealing the 
kebab part of the shish-kebab,fibers appear to thicken at 
the expense of extended chain backbone material. Kebabs 
,, 
originally 125A thick were transformed after 24 hours at 
127°c to kebabs 260A thick, The electron micrographs 
showed a reduction or, in some cases, complete disappearance 
of interkebab material which led Kreuger and Yeh to con-
clude that little or no chain extended crystals were preeent. 
In the discussions of their results, Kreuger and Yeh 
present what might be considered a model for shish-kebab 
formation based upon their findings. Their model will be 
considered in the final section of this paper, However, 
it is their suggestion that the kebabs may form upon 
cooling by the contraction of and at the expense of ex-
tended-chain backbone. The evidence they cite consists 
of the disappearance of the interkebab material upon 
annealling and of the disappearance of kebab material upon 
stretching, Whether their model is correct or not, their 
evidence clearly shows that chains from the backbone are 
integrated within the kebabs or beads, Kreuger and Yeh 
state that if the kebabs have formed by subsequent epi-
taxial nucleation and growth on the central backbone, then 
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they would not have b~en expected to draw out and disappear. 
The complete disappearance of the kebabs, they state, would 
suggest that the kebabs are molecularly integrated within 
the backbone. 
c. Melting Behavior 
As with the observation of any microscopic property, 
a study of the melting behavior of the ~ibrous product 
of induced crystallizations from solution raises questions 
as to what conclusions, if any, may be drawn as to the 
microscopic structure of the crystals. Studies of the 
melting behavior of shish-kebab crystals by Pennings and 
van der Mark, Keller and Willmouth,11 and McHugh1 reveal 
the melting behavior to be extremely complex, The inter-
pretation of the melting behavior may, if fact, be cor-
respondingly complex. 
In the fourth paper of Pennings• indmced crystalliza-
tion series subtitled, "The melting of fiibrillar polyethy~ 
lene crystals", Pennings and van der Mark present the re-
sults of their study of the melting behavior of shish-kebab 
type crystals produced by stirrer induced crystallization.13 
Using a Perkin-Elmer DSC 1-B differential scanning calori-
meter, Pennings and van der Mark observed the basic peak 
structure that has since been confirmed by the results of 
Keller and Willmouth and by our own work with stirrer grown 
crystals, Pennings and van der Mark observed a major 
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endotherm at 14~0c and a shoulder at about 150°c. A 
heating rate of 8°c/minute was utilized. In addition a 
small endothermic peak at about 180°c was observed for 
ultra high moleoii\r weight samples. The observance of 
this smaller, higher melting peak has not to our know-
ledge been confirmed by other investigators. The small 
shoulder at 150°c, Pennings and others have attributed to 
superheating. 
In his discussion of the superheating phenomenon, 
Pennings notes that Hellmuth and Wunderlich 14 have shown 
that extended chain crystals can be superheated, whereas 
folded-chain, lamellar crystals display a lowering of the 
melting temperature as the heating rate is increased. Thus, 
Pennings hoped to distinguish between folded-chain, lamellar 
overgrowths and extended chain backbone. Upon increasing 
the scan speed, Pennings found that the onset of melting 
did occur at a lower temperature as expected. However, 
the major peak at 14o0c was observed to increase in tem-
perature contrary to expectations. As expected the shoulder 
at 150°c was observed to shift to a higher temperature 
indicating enhanced superheatin~. 
In separate expermmwnts, Rennings observed the 
superheatability of ordinary chain-folded, lamellar cryetalso 
gtain at 90°c from quiescent solution. The experiaants in-
dicated that these crystals with a fold length of 150A 
could indeed exhibit superheating within the normal range 
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of heating rates, Recognizing the difficulties imposed 
by these experimental results, Pennings states that from the 
area under the 150°c shoulder, one might estimate the 1 amount of backbone material relative to the amount of \ 
l lamellar overgrowth indicated by the area under the 14o0c I ~ 
major peak, Unfortunately when one accepts Pennings theory 
of lamellar overgrowth formation, one cannot accept Pen-
nings conclusions. 
By making their distinction between shish-kebabs and 
11 micro-shish-kebabs, Keller and Willmouth add to the ob-
servations of Pennings and van der Mark, With regard to the 
effect of heating rate upon the observed melting behavior, 
the work of Keller and Willmouth seems especially perti-
nent. Keller and Willmouth observed for their shish-kebab 
samples grown at 95.1°c a major peak at approximately 
130°c and a very small shoulder at 1J4•1J5°C. For their 
micro-shish-kebab samples, Keller and Willmouth observed 
a large peak at approximately 14o0c and a somewhat larger 
shoulder at 14,-146°c. Again it is assumed that Keller's 
shish-kebabs consist primarily of lamellar overgrowth 
material, but that the micro-shish-kebabs have an al-
together different structure upon a molecular level than 
the purely chain-folded structure of lamellar overgrowthio 
Keller and Willmouth observed the ratio of peak 
heights between the main peak and shoulder in both the 
shish-kebab and micro-shish-kebab cases, In the shish-kebab 
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case, the ratio of shoulder height, attributed to super-
heating, to main peak height was shown to decrease with in-
creased heating rate. This observation leads one to con-
clude that at lower heating rates an annealing effect 
takes place enhancing superheating, In the micro-shish-
kebab case the heating rate appears to have little or no 
effect upon the ratio of shoulder height to main peak 
height. One must conclude from this observation of Keller 
and Willmouth that the cause of the superheating is inherent 
in the micro-structure of the crystals, independent of any 
annealing effect. The invariance of the ratio with an-
nealing was confirmed by melting scans of crystals heated at 
129,7°c for up to 660 minutes, 
In addition, Keller and Willmouth also ran melting 
scans of micro-shish~kebab samples that had been subjected 
to hot fuming nitric acid treatment, Keller and Willmouth 
demonstrated that even very short treatment times were 
capable to drastically reducing the superheatability of 
micro-shish-kebabs, 
In his 1973 paper, McHugh presents melting scan data 
from material grown with his plunger apparatus: Unfortunate-
ly, melting spans were taken with an instrument that plots 
T vs. temperature instead of C vs, temperature making p 
comparison with the work of other investigators difficult, 
However, the results were observed to be somewhat similar to 
those of Pennings and van der Mark and of Keller and Willmouth, 
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A major peak was observed at approximately i4o0c depending 
upon the conditions of the crystallization experiment, Super-
heating was also observed with the plunger grown samples, 
However, the effect did not appear to be as marked as with 
the stirrer grown samples of Pennings and Keller, 
In the melting scans of some of his high temperature 
plunge:r· .. samples grown at 105°and lo6°c, McHugh observed 
two peaks or rather a distinct shoulder upon the main peak, 
Wide angle x-ray scans of two peak materiaJs revealed the 
existence of a separate triclinic phase, McHugh notes 
that although the stable crystal lattice for linear poly-
ethylene is orthrhombic, triclinic forms have been observed 
in samples of polyethylene crystallized from the melt at 
high pressure, 
On the basis of his growth model, details of which 
will follow, McHugh has developed an explanation for the 
observation of superheatingo In his model, chain segments 
are contained in both bead and string segments of the 
shish-kebabs, McHugh suggest that superheating may arise 
due to kinetic considerations, He states that chain motion 
during melting would be hindered due to the need for co-
operative mection between chain segments in both bead and 
string segments. In this regard, McHwgh has fmnfirmed the 
effect of nitric acid etching upon superheating observed 
by Keller and Willmouth, McHugh suggests that fuming 
nitric acid treatment would preferentially cleave the 
folds within the bead sections of the crystals reducing 
the need for cooperation between segments, 
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II, Experimental 
Since the primary objective of our investigation 
focuses upon the relationship between the fluid mechanic 
of the polymer solution and the morphology of the result-
ant crystals, we have attempted in our experimental work 
to grow polyethylene single crystals from solution under 
markedly different hydrodynamic flow field conditions, 
We have thus grown polyethylene crystals over a range of 
crystallization temperatures using two different experi-
mental techniques, An extensive description of the two 
techniques follows, but, in brief, the first method em-
ployed a plunger moving up and down with a cylindr\ical 
chamber and the second utilized Couette-type geometry, 
Subsequently, we have prepared electron micrographs 
and melting scans of the crystalline samples, In all 
cases the electron micrographs have shown the familiar 
bead-and-string or shish-kebab tppe structure, The melting 
scans prepared with a Perkin-Elmer DSC-lB differential 
scanning calorimeter have presented detailed information 
about the melting behavior of the crystalline samples, 
Striking differences have been noted between melting scans 
of samples obtained from the two different experiments, 
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A, Crystal Growth Techniques 
Our prevfoys experience with the growth of shish-
kebab crystals has primarily centere& upon utilization of 
the plunger technique for crystal growth, Reference is 
made to the University of Delaware doctoral thesis of 
Dr, McHugh for a development of the rationale for such 
a device and for details of the original constant stretch 
rate device used by Dr, McHugh, 15 In'Dr, McHugh's origi-
nal device1a football shaped plunger was moved at constant 
speee up and down within a cylindrical chamber filled with 
dilute pmJYethelene iolution. The shape of the plunger and 
the constant speed of the plunger were juaged to produce 
a vonstant stretch rate in the region where nucleation was 
expected to take place, between the sides of the chamber 
and the plunger, 
Our development, here at Lehigh, of a similar deviee, 
without a constant speed plunger and a double-cone-shaped 
plunger, instead of the football shape, was prompted by 
our desire to test the effect that varying the fluid 
mechanics might have upon the one-to-one bead diameter to 
bead spacing observed by Penning and later by Dr, McHugh. 
Based upon considerations of the model for crystal growth 
developed by Dr, McHughl,l5 symetric and assymetric plungers 
were prepared, Both were double conical in shape, the 
assymetric plunger having one end longer than the other, 
It is noted here that on the basis of early work 
with the two different plungers, the author judged hydro-
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dynamic flow field diffe!1Sfleesproduced by the two different 
plungers to be too slight to obtain differences in the 
crystalline morphology or melting behavior of the respective 
crystallime products. IDnstead it was decided to compare 
the morphology and melting behavior of crystals obtained 
from the plunger experiment with those obtained from an 
apparatus of Couette geometry, the use of which has been 
aptly demonstrated for the growth of shish-kebab crystals 
by Pennings and his collegues, The fluid mechanics of the 
two experimmaDSi although they cannot be easily quantified, 
must be judged quite different. 
1, the plunger apparatus and crystallization procedure 
As with the crystallization chamber of Dr. McHugh 
at the University of Delaware, the crystallization chamber 
,,..--'\ 
described in this paper was built of stainless steel _and 
glass and connected to brass mixing and solvent chambers 
using valves with Swagelock fittings and copper tubing, 
The entire apparatus, crystallization, mixing, and solvent 
chambers were immersed in a constant timperature oil bath 
during a crystallization run. The plunger was moved up 
and down by a shaft connected to the plunger shaft by a 
universal bearing. The shaft itself was moved up and down 
by konnection to an electric motor through a small flywheel. 
In each half cycle, the plunger was then pushed up a~ down 
2" within the 21" chamber, thus creating the hydrodynamic 
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flow characteristics necessary to induce crystallization • 
Detailed drawings of the apparatus and its drive 
mechanism are presented in figures 2 and J along with 
pertinent dimensions. It is noted that certain chan~ar 
""' 
were required to be made in the basis design of the crystal-
lization ch81llber as described by McHugh, The plunger 
shaf't of the original McHugh device extended the whole 
length of the chamber and emerged at each end of the chamber 
through modified Ultra-torr fittings. In the course of 
our early work here at Lehigh, it was discovered that wear 
of the Viton-A o-rings within the Ultra-torr fittings 
caused excess leakage of silicon oil heat transfer medium 
into the crystallization chamber during the course of a 
crystallization run, Solution of the problem required 
cutting off the bottom part of the plunger shaft, plugging 
the bottom Ultra-torr fitting, and lowering the silicon 
oil level within the constant temperature bath below the 
level of the top Ultra-torr fitting. 
Experimental procedure consisted of adding 100 grams 
of xylenes stabilized with t wt.% antioxide.nt to the mixing 
chamber along with the desired amount of polyethylene. 
The apparatus was then lowered into the constarlttemperature 
bath with the temperature set just below the boiling point 
of xylenes, 138°c. After complete dissolution of the 
polyethylene in the solvent, the temperature of the oil 
bath was lowered to the desired crystallization temperature. 
, 
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Figure 2 - The crystallization chamber of the plunger 
apparatus. 
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Figure J - The drive mechanism of the plunger apparatus. 
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Valves from the mixing chamber to the crystallization 
chamber and to the crystallization chamber air vent were 
opened and the polyethylene was forced into the crystal-
lization chamber using air pressure, All valves were closed 
and the electric motor was set to give a constant 75-80 cycles 
per minute plunging speed, 
After a quantitatively acceptable yield had been 
obtained, usually requiring 24 hours to three days, the 
run was terminated, In each case, the temperature of the 
oil bath was raised 2°c and a wash cycle initiated, Ap-
proximately 150 ml, of fresh solvent stabilized with anti-
oxidtnt was added to the solvent chamber and allowed to come 
to temperature, Valves between the crystallization chamber 
and the solvent chamber wer; opened as well as the valve to 
the exit line, The solvent in the solvent chamber was 
forced by air pressure into the crystallization chamber, 
flushing out most of the polyethylene remaining in solution, 
Then the valves to the solvent chamber were closed and the 
valve to the air vent opened, Air pressure applied to the 
air vent forced the solvent within the crystallization chamber 
out the exit line, The valve to the exit line was closed 
and valves to the solvent chamber were opened, Fresh 
solvent was then forced into the crystallization chamber 
from the solvent chamber, Plunging was resumed fort hour 
with the fresh solvent within the chamber, The chamber 
was then emptied and refilled with fresh solvent three 
additional times with plunging times of 15 minutes between 
each solvent change and after the final solvent replacement, 
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This procedure was required to ensure thorough washing of 
the crystals, 
To complete the experiment, the final solvent rinse 
was forced out of the chystallizationamhamber through the 
exit line, The chamber was removed from the oil bath, and 
the crystals were recovered by dismantling the crystalliza-
tion chamber, For most of the runs made above 100°c with 
the plunger device, most of the crystalline product was 
obtained as a plug surrounding the plunger shaft in the 
upper part of the chamber, 
2, the Couette apparatus and experimental procedure 
The Couette apparatus consisted entirely of glass 
and teflon, The outer cylinder was obtained by cutting 
a 5,8 cm, inner diameter hydrometer cylinder, The inner 
cylinder was obtained from a 4,7 cm, outer diameter piece 
of glass tubing, The inner cylinder was plugged at each 
end by teflon cut to fit with a central rhaft of glass 
running through each teflon plug, The inner cylinder 
then rested within the outer cylinder with the inner cylinder 
shaft supported by Teflon bearing at both ends, The entire 
apparatus with the pertinent dimension is shown in figure 4, 
,·• 
', To begin a crystallization run, the outer cylinder 
was placed in a constant temperature oil bath consisting of 
a four liter beaker filled with siloon oil held at a tempera-
ture just below the boiling point of xylenes, 138°c, The 
solvent, 100 
oxidant, was 
gmo of xylenes stabilized with t wt,% anti-
added to the cylinder along with~the prescribed 
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amount of powdered polyethylene. After complete dissolu-
tion of the polyethylene in the xylenes, the lower teflon 
bearing support and the inner cylinder were placed inside 
the outiercylinder, About a half inch of glycerol was .,.·-
then added to the system to ensure crystal formation be-
tween the bottom of the inner cylinder and the bottom tef-
lon bearing, The top teflon bearing cover was then added 
to the system and the oil bath was allowed to cool dowri to the 
selected crystallization temperature, 
To begin the experiment the inner cylinder shaft 
was attached to an electric motor through a connection con-
sisting of ahehort piece of rubber pressure tubing, The 
electric motor was then set to give a constant inner stirrer 
speed of 800-1000 revolutions per minute, Usually within a 
few minutes rings of crystallized polyethylene could be 
observed forming between two Taylor vortices. As the rings 
formed they settled to the bottom of the apparatus, eventu-
ally forming a thick mat about the bottom of the inner 
stirrer, A few hours were usually sufficient to provide 
a quantitatively acceptible yield, However, the apparatus 
was usually left running overnight to produce approximately 
a 20-25% yiild of fibrous crystals, 
To terminate the experiment, the oil bath temperature 
was raised 2°c. The inner cylinder was removed from the 
bath with its thick mat of fibrous crystals, The outer 
cylinder was then removed from the bath and emptied of its 
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I 
remaining polyethylene solution. The outer cylinder and 
_i1 inner cylinder were placed back into the oil bath and the 
apparatus was filled back up to its original level with 
fresh stabilmad solvent. Stirring by turning the· inner 
cylinder was resumed for i heur. The rinse cycle described 
above was repeated three more times with stirring times 
of 15 minutes between each fresh solvent rinse and after 
the final rinse to ensure thorough washing. The inner 
cylinder was then removed from the apparatus with fibrous 
crystalline product attached and allowed to cool to room 
temperature. 
3, summary of crystallization runs and sample preparation technique:-:. 
Presented in this work are results obtained using 
two different polymer samples. The majority of the work 
was carried out using Calanese Fortiflex A-20, l\,=l,67xl05 
' m, =7,45xlo3, identical to that used by Dr. McHugh for 
his work at the University of Delaware~•15 Additional runs 
were made with Hercules UMW 1900 ultra-high molecular 
weight polyethylene with a weight average molecular weight of 
approximately 5x106, We are still awaiting technical 
details for the UMW 1900 sample, The solvent used was 
technical grade xylenes, a mixture of the three isomers, 
para, meta, and ortho xylene. In every case the solvent 
was stabilized with i wt,% di-tertiarybbvy!jaracresol to 
inhibit oxi-dation of the high molecular weight polyaerci·1.e,::.ns 
chains, 
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According to the procedures outlined above crystal-
line product was obtained using 4% solutions by weJ.ght 
of Fortiflex A-20 in the plunger apparatus and 2% solutions 
of Fortiflex A-20 in the Couette experiment, For crystalli-
zation runs usmng the ultra-high molecular weight UMW 1900 
0,1% solutions were used in both experiments, Using the 
plunger app~~atus,pproduct samples were obtained at 101, 
103, and 105°c crystalliation temperatures with the Forti-
flex a-20 and at 103 and 105°c with the UMW 1900, Using 
the Couette apparatus, product samples were obtained at 
crystallization tempera~~res of 100, 101,5, 103,5, 104, 105, 
and 107°c from Fortiflex A-20 and 103°c from UMW 1900. 
As has been noted, product from plunger experiments 
formed a thich fibrous plug about the plunger shaft, The 
thick plug, unlike the fibers produced by the Couette 
' 
experiment,mp~eded extremely difficult to separate. Be-
cause of this problem, McHugh devised a method of dispers-
ing the crystals in a high speed homogenizer, After the 
removal of crystalline product from either the Couette 
or plunger experiments, the CJ'Y'Stals were agitated in 
absolute ethenol at 23,000 R,P,M,s in a Virtis 23 mixer. 
The stirrer plades in each case shredded the sample to 
sizes applicable for both electron microscopy and dif-
ferential scanning calorimeter. 
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B. Electron Microscopy 
As a technique transmission electron microscopy 
allows the investigator to obse~ve the m~croscopic structure 
of fibrous crystals. Without the aid of electron diffrac-
.,.. 
tion, electron microscopy tells nothing about individual 
pojymer chain orientation. However, microscopic oriemta-
tion may be inferred from the microscopic structure. 
Samples were prepared for viewing with the R,C,A, 
instrument by dispersing the sample in the Virtis homoge-
nizer as described above, Using a dropp~~. small particles 
of the dispersed sample were placed up carbon-coated grids. 
In all cases, samples were viewed at an optimmm magnifica-
tion, of 14,500 to one. Electron micrographs were obtained 
for plunger grown Fortiflex samples grown at 101, 103, and 
105°c. Micrographs were obtained for Couette-grown Forti-
flex samples crystallized at 100, 103.5, 104, and 105°c. 
In addition, a photomicrograph of UMW 1900 crystals grown 
with the plunger apparatus at 105°c was obtained. Figu~es 
5-10 present representative micrographs from those obtained, 
Figure 5 represents a phofmicrograph of crystals obtained 
. 0 from the plunger apparatus at 101 C, Note the thick network, 
Heat from the electron beam of the electron microscope 
may.play a role in producing the fitie fibers which seem 
to connect some of the fibers. Figure 6 appears as if 
it might contain overgrowth. However, the melting scan 
of this material showed no such features. In Figure 7 
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it is noted that the plunger experiment appears to have 
produced crystal segments that seem to have the character-
istics of Keller and Willmouth's micro-shish-kebab crystals, 
In the photomicrographs of Couette-grown crystals 
shown in Figure 8 and 9, more regular bundles of fibrils 
appear to have been formed than the less regular fibillar 
netwur,kss material in Figures 5, '., :.. : '. 7. 
\ Figure:- r presented Couette-grown material crystallized 
s a crystalline conformation somewhere 
between shish-kebabs and micro-shish-kebab in nature, 
Figure 9, however, shows definite micro-shish-kebab form, 
At lower magnifications, these crystals appeared to be 
smooth structureless backbones devoid of platelets or 
lamellae, At this higher magnification, the fibrils show 
a distinct bead and string structure coMered with a thin 
Keller and Machin veil, 
The only conclusion that may be drawn in comparing 
plunger grown crystals to those grown in the Couette ap-
paratus concerns the regularity of the fibrillar bundles, 
However, if one were to mix up a group of photomicrographs 
obtained from each experimental technique of crystalliza-
tion9 one would have difficulty in determining which had 
been produced by the Couette or the plunger experiment, 
'" 
(48) 
Figure 5 - Electron micrograph of shish-kebab crystals 
grown at 101°C in the plun~er apparatus. 
Figure 6 - ilecton micrograph o~ 1hi1h-kebab crystals 
grown at 10'3.5°C in the plunger apparatus. 
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Figure 7 - Electron microgr!~ph oUhish-kebab cry!tals 
~rown at 105 C in the plunget apparatn1. 
Figure 8 - Electron micrograph of sh1•h-kebab crystal grown at 103.5•c in the Couette apparatu,. 
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Figure 9 - Electron micro p; raph of shish-kebab cry a t ~d 
grown at 104"c in the Couette appa ratus . 
Figure 10& - Electron micrograph of •h1•h,..k• Pi:iP Jlf ·~tt 
grown from ultra-high moleoular w•1~ht pqly• thJ+ 
at 105~c in the plunger apparatu•• 
. ~ ·-
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Figure 7 - Electron microgr,1ph ofi'his h-ke b8b c rystals 
grown at 105 C in the plunger ap oara.tns • 
Figure 8 - Electron micrograph of shish-kebab cryst8l 
grown at 10Jo5~C in the Couette ap paratus Q 
... 
(SO) 
Figure 9 - Electron micrograph of shish-keba~ cryst~l 
grown at 104cc in the Co~ette apparatus: 
Fig~re 10 4 - Electron micrograph of shish-kebab cryst~ls 
grown from ultra-high molecul~r wei~ht polyethylene 
at 105~c in the plunger apparatus. 
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c. Differential Scanning Calorimetry 
To prepare samples for the DSC, crystals that have 
been dispersed in absolute ethenol by the Virtis homogenizer 
were placed in af:Beuchner funner. After suction had been 
applied to draw off the ethenon, the crystals were dried 
for several hours under vacuum at room temperature. Ap-
promimately 1-4 milligrams of the dried crystals were then 
placed in one of the aluminum sample runs supplied with 
the Perkin-Elmer DSC-lB, A cover was placed on the pan, 
and the edges of the pan were thenccrimped to hold the 
cover in place.k The sample pan was then placed in the 
instrument. The reference pan was left empty. Melting 
scans were all taken with the same sensitivity to ensure 
the consistancy of the instrument. In most cases a heating 
rate of 10°K/min, was used, However runs at 20°K/min. 
were utilized to check the effect of the heating rate upon 
the melting scan, 
For the samples grown from Fdrtiflex A-20, melting 
scans were prepared from the 101,1io3, and 105Bc plunger 
grown crystals and from the 100, 101,5, 103,5, 104, 105, 
' 
and 107°c Couette grown crystals, The results of the 
melting scan runs are shown in Figures 11-19, In Fig-
ure 20 a melting scan of the original Fortiflex A-20 
from which the crystals were grown is shown for reference, 
Figure 21 presents an example of poorly washed crystals 
0 grown from the Couette apparatus at 107 C, Note the 
-·-·· ---:..::::.:...-
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temperature of the overgrowth peak roughly corresponds to 
that of the original Fortiflex. 
In addition, melting scans were obtained ot plunger 
and Couette grown, UMW 1900 ultra high molecular weight 
polyethylene, Figures 22 and 2~ show melting scans of 
crystals grown using the plunger apparatus at temperatur'es 
ofe' 103 and 105°c, Figure 2~ shows a melting scan of 
crystals grown using the Couette apparatus at 103°c. Note 
that the 103°c plunger melting scan shows the features of 
the Couette grown Fartiflex crystals while the 105°c plunger 
melting scan shows the features of the plunger grown Forti-
flex melting scans, This seemingly anomalous behavior 
requires further investigation, Little difference is noted 
"' 0 between the 103 C plunger and Couette grown melting scans, 
In order to examine the effect of heating rate upon 
/" -. ) 
representative samples of plunger and Couette grown Forti-
flex crystals, melting scans of crystals from the 103°c 
plunger crystallization run and 103,5 Couette crystalliza-
tion were taken, The results of these melting scans are 
shown in Figures 2t, and 26, 
In general, it is noted that the melting scans of 
Fortiflex plunger-grown crystals exhibit basically a single 
J 
peak with small shoulders at the leading and trailing edges 
of the peak, These contrast sharply with melting scans of 
Fortiflex1 Couette-grown crystals which show pronounced 
shoulders on both sides of the single peak, The leading 
.I 
' ' 
(5)) 
edge shoulders were not observed by Keller and Willmouth, 
however, the pronounced trailing edge shoulder of the 
Couette grown crystals appears to be the same phenomenon 
that Keller and Willmouth attributed to superheating, 
The heating 20°K/min, heating rate melting scans indicate 
a more pronounced high temperature shoulder (Figure 25) 
for the Couette grown material with the increased heating 
rate.indicative of superheating, With the plunger grown 
crystals (Figure~) the high temperature shoulder virtually 
disappears, 
The general conclusion that must be drawn from 
these melting scan results is that the plunger apparatus 
appears far less capable of producing superheatable mat-
erial that the Couette apparatus,. If one accepts Pennings' 
belief that the relative siee of the superheating shoulder 
is indicative of the amount of extended chain material,
8 
then one must conclude that the plunger apparatus provides 
a highly inefficient means of producing extended chain 
crystals when compared with the Couette apparatus, 
-, ---...... ,_,._ .. ···---. ·--
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temperature of the overgrowth peak roughly corresponds to 
that of the original Fortiflex, 
In addition, melting scans were obtained o[ plunger 
and Couette grown) UMW 1900 ultra high molecular weight 
polyethylene, Figures 22 and 23 show melting scans of 
crystals grown using the plunger apparatus at temperatures 
o~· 103 and 105°c, Figure 2~ shows a melting scan of 
crystals grown using the Couette apparatus at 103°c, Note 
that the 103°c plunger melting scan shows the features of 
the Couette grown F~rtiflex crystals while the 105°c plunger 
melting scan shows the features of the plunger grown Forti-
flex melting scans, This seemingly anomalous behavior 
requires further investigation, Little difference is noted 
between the 103°c plunger and Couette grown melting scans, 
In order to examine the effect of heating rate upon 
representative samples of plunger and Couette grown Forti-
flex crystals, melting scans of crystals from the 103°c 
plunger crystallization run and 103,5 Couette crystalliza-
tion were taken, The results of these melting scans are 
shown in Figures 2!; and 26. 
In general, it is noted that the melting scans of 
Fortiflex plunger-grown crystals exhlbit basically a single ~ 
peak with small shoulders at the leading and trailing edges 
of the peak, These contrast sharply with melting scans of 
Fortiflex~Couette-grown crystals which show pronounced 
shoulders on both sides of the single peak, The leading 
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edge shoulders were not observed by Keller and Willmouth, 
however, the pronounced trailing edge shoulder of the 
Couette grown crystals appears to be the same phenomenon 
that Keller and Willmouth attributed to superheating, 
The heating 20°K/min, heating rate melting scans indicate 
a more pronounced high temperature shoulder (Figure 25·) 
for the Couette grown material with the increased heating 
rate.indicative of superheating, With the plunger grown 
crystals (Figure 2.Q;) the high temperature shoulder virtually 
disappears, 
The general conclusion that must be drawn from 
these melting scan results is that the plunger apparatus 
•,, 
appears far less capable of producing superheatable mat-
erial that the Couette apparatus, If one accepts Pennings' 
belief that the relative siee of the superheating shoulder 
is indicative of the amount of extended chain material, 8 
then one must conclude that the plunger apparatus provides 
a highly inefficient means of producing extended chain 
crystals when compared with the Couette apparatus, 
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Figure 11 - DSC of Fortiflex A-20 crystals grown at 
101°C in the plunger apparatuao Scan speed is 10°C/m1nute. 
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Figure 12 - DSC of Fort1flex A-20 crystals r • 1 rown at 103 c 
n the plunger apparatus. Scan speed os 10°C/m1nute. 
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• Figure 13 - IlSC of Fortiflex A-20 crystals grcwn at 105 C 1n th, plunger apparatus. Scan speed 1s 1o•c/m1nute • 
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Figure 14 - DSC scan of Fortit'lex A-20 shish-kebab 
crystals grown at 1oo~c in the Couette apparatus. 
Scan speed 1s 10°C/m1nute. 
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Figure 15 - DSC scan of Fortiflell A1-20 shish-kebab crystals 
grown at 101.5°C in the Couette apparatus. Scan speed is 10°C/m1nute/ 
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Figure 16
0
- DSC scan of Fort1fleK A-20 crystals grown at 
lOJ.5 C in the Couette apparatus. Scan speed is 
10°C/m1nute 
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Figure 17 - DSC scan of Fortiflex A-20 crystals grown 
at 104°c in the Couette apparatus 0 Scan speed for 
this run is 10°C/minuteo 
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Figure 18 - DSC scan of Fortiflea A-20 orystals grown in 
the Couette apparatus at 105cc. Scan speed for this run is 1oc1c/minute. 
- . -· ........... ___ . ·,, 
I 
t 
' I,. 
;' 
! 
i 
!' 
l!i. J. I' .' _! 
-·-----·· ·- ·-- ----- ··----- ----- ---· --~--
i 
,! 
" I'. 
. \, 
.
/ 
'. 
\ 
I 
(Io) . 
\ 
\ 
\ ' i I 
! •. , 
:JJ 
\ 
----
..... __ 
i 
, l +- ........... ·-... - ..i,,- L,--""-----i.·-.. - ·-•···--... ·--"'-· -- . ...1.--..1:,;-- .•.•. ~-.!.. -11o---'r- ..... -,- --r--~ ... -·~-- ·r - e,.._.,_ . -~ --'-·-··•"'-1•-,--..-..- -...·- I--·· , 
·: ~. ... 
11J nwo'I'Y 8IJ:<.J8'l/: .. 10 OS-.'\ xel.1.U'lo'il 'to fiHnr: :)00 - 81 ;ll'IJ.rnt''i 
fHJ'1 2.Jnj ·101 .b~eqa f:!f_i.o2 .• ~l<:,c_O.t :t.s ~:..!Jjf-;'I.Gqq1:i sjjnIJo8 !9fij 
• ~j mttru\8'" 01 c. l 
(62) 
l~O l~o l>D 
!Jo 
TEMPERATURE °C 
Figure 19 - DSC scan of Fortiflex A-20 crystals grown at 
107°C in the Couette apparatus~ Scan speed for this run 
ls 10°C/m1nute. 
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Figure 20 - DSC scan of Fortiflex A-20 crystallized from 
the melt, aa is from Philipa. Scan speed is 10°c/minut1. 
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Figure 21 - DSC scan of Fort1flea A-20 crystallized at 
107°C with the Couette apparatus. The melting scan 
1how1 gross overgrowths. 
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Figure 22 - DSC scan of UMW 1900 crystals grown at 
1039 C in the plunger apparatuso 
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Figure 23 - DSC scan of UMW 1900 crystallized •t 
105~c in the plunger apparatus • 
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Figure 24 - DSC scan of UMW 1900 orystalliaed at 
103~C in the Couette apparatus. 
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Figure 25 - Repeat of. the DSC scan in Figure 12 
with a heating rateof 20DC/minute. 
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Figure 26 - Repeat of the DSC scan of Figure 12 at 
a heating rate of 20°C/m1nuteo 
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III, Models for Crystal Growth 
( 
The appearance of Pennings' recent report entitled 
"Longitudinal growth of pihlymer crystals subjected to 
single shear flow" has led to a reappraisal of our judg-
ments concerning the mechanism of mechanically indmced 
growth of polyethylene crystals from solution.7 In this 
paper, published jointly with Zwijnenburg and Lageveen, 
Pennings reported the continuous growth of a seed crystal 
in the absence of extensional flow. On the basis of this 
report separate models for nucleation and growth must be 
postulated, 
As a result of Pennings' work with his Couette 
geometry crystallization apparatus~ Pennings' conclusion 
that extensional flow is a requirement for nucleation has 
been generally accepted, The paper subtitled "The Effect 
of Secondary Flow" has documented the fluid mechanics 
requirement for nucleation. From this study and others 
following, it has been recognized that purely shearing 
flow is insufficient, that extensional components are re-
quired to induce the nucleation of shish,kebab crystals. 
A, J, McHugh has developed a semi-quantitative model for 
the nucleation process in an, as yet, unpublished paper 
entitled "Flow Induced Crystallization from Solutions 
The Relative Effects of Extension and Shearing Flow Fields" ,16 .· 
The m·odel assumes that as prekequisi te for nucleation, 
i /: 
·i 
i 
i 
' , . 
i . ' 
,... ·. 
chain extension must occur. The model uses the elastic 
dumbell model to predict the effects of molecular weight 
and fluid mechanics upon the nucleation rate, It is the 
judgment of this author that our understanding of the 
nucleation process is,at this point, correct in its major 
details, 
In contrast to the nucleation process, the growth 
process has been the subjec~f much debate in the litera-
ture in recent years, At least three conflicting models 
have been proposed, In his morphology paper, Pennings 
has presented his unrolling model for crystal growth,9 
However, this model fails to account for the characteristic 
shish-kebab morphology of mechanically induced polymer 
crystals, Pennings attributes the kebabs or beads en-
tirely to lamellar overgrowth formation, The two more 
recent models of McHugh 1 ' 15and Kreuger and Yeh 12 attempt 
to account for experimental observations that show the 
kebabs or beads to consist only partly of chain-folded 
material, All three of these models, the author feels, 
suffer from defects, 
In the morphology paper, Pennings presents a two 
step model for the crystalline growth process. In the 
first step crystal• already nucleated in an extensional 
flow field, is formed as a perfectly smooth, extended 
chain backbone by a coil unrolling process. In the 
second step, as the crystals cool, epitaxial, lamellar 
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overgrowths form upon the continuous backbone, Figure 27 
presents a sketch of Pennings coil unrolling growth model, 
The model contains many attractive features, not the least 
of which is its consistency with Pennings' shearing flow, 
seed crystal, growth experiment. The model would a}so 
explain Pennings' observation that after bundlelike 
nuclei attach to the stirrer of his paddle stirrer crystal-
lization apparatus, they grow longitudinally at a fast 
rate. However, if, in fact, smooth backbones are being 
formed, why have different investigators failed to obtain 
crystals free of shish-kebab type structures? Using the 
apparatus of Krueger and Yeh,12 which allows for a con-
tinuous washing process, one should be able to wash away 
all the free polyethylene chains leaving only smooth, 
kebab free, extended chain crystals. Yet Krueger and Yeh 
always observed a shish-kebab type structure. 
A, J, McHugh in his paper "Extensional flow induced 
crystallization of polymers from solution" presents a 
model bas~d upon a morphological repeat unit. McHugh ob-
served that the Taylor vortex flow pattern contained re-
gions of extension followed immediately by compression. 
As two vortices come together in opposite dirctions, a 
fluid element is accelerated, then decelerated, Polymer 
chains would thus be extended, then compressed, McHugh 
theorized that nucleation and crystallization would then 
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Figure 27 - The Pennings model for the crystalline 
growth process. Note that according to this model 
chain enda would be incorporated into the extended 
chain backbone. Coils would completely ,Ulli'8ll under 
the influence of the shearing flow field. 
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( 73) 
occur in a one step process whereby a morphological re-
peat unit would be formed, In the extension part of the 
cycle, polymer chains would be alligned with the fiber 
~ 
axis, In the compression part of the cycle, chains would 
be alligned perpendicular to the axis, Figure 28 presents 
a schematic model for the formation of~a morphological 
repeat unit, Attractive features of this model include 
an ability to explain the one to one bead spacing to bead 
diameter correlation first observed by Pennings, However, 
the model in no way explains Pennings' ability to grow 
shish-kebab crystals in the absence of an extensional 
flow, 
At the end of their paper, Krueger and Yehl? suggest 
a possible model for crystal growth that, in essence, com-
bines features from both the Pennings and McHugh models. 
Krueger and Yeh accept the Pennings conclusion that an 
essentially smooth extended chain backbone is formed upon 
mechanical agitation of a polymer solution. However, on 
the basis of their experimental observations, they cannot 
accept the eRitaxial overgrowth theory of kebab formation, 
They suggest instead that upon cooling, the fibers con-
tract to form kebabs at the expense of extended chain 
backbone material, In the end result, crystals formed 
according to this model would be little different from 
those obtained in a morphological repeat unit by the 
McHugh model, In both cases, polymer chain in the kebab 
or bead portions of the crystals would be integrated within 
the backbone, The Kreuger and Yeh model must, however, 
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Figure 28 - The McHugh model for the crystalline growth 
process. 
·.~·--···-·· -......, . ....,.,~ _,..,._ . 
--~;~~-...;·-................ _~-:a 
\) 
,j 
.. '•· : ... 
( ?4) 
be judged improbable on the basis of the regularity of 
the fibrillar crystals, In no way does this model explain 
the observed one,to-one correlation between bead spacimg 
and bead diameter, In addition, it appears difficult to 
rationalize how extended chain crystals, once formed, 
would split apart to allow the necessary contractions 
to take place, 
Due to the viscoelastic properties imparted to a 
polymer solution of even low concentration, one must imag-
ine a polymer solution to be a continuous, entangled net-
work of polymer coils, It is with such a network in mind 
that the author presents a new model for the crystalline 
growth process, It is the belief of this author that the 
recently reported growth of a seed crystal under the in-
fluence of extremely weak shearing flow velocity gradients 
requires that a continuous mechanism, such as that pro-
posed by Pennings, be accepted, The Pennings model along 
with fluid mechanic considerations must, in fact, be con-
sidered the basis from which this new model has been de-
veloped. 
In visualizing the Pennings seed crystal experiment, 
one must imagine that free polyer chain ends at the grow-
ing tip of the crystal are intimately entangled with the 
network of polymer coils extending throughout the polymer 
solution. The process of winding the growing crystal onto 
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the turning inner stirrer would have the effect of pulling 
entangled chains out of the chain network, extending them, 
and drawing them close together to produce crystallization, 
From another point of reference, one would imagine the 
shearing flow field flattening and extending
1
in a process 
not unlike that of Pennings unrolling mechanism, the polymer 
chains entangled with those of the growing tip. 
Because of the orientation of the growing tip in 
the solution, a shearing flow would have an extensional 
rather than a rotational effect upon the entangled polymer 
chains, Parts of the entangled coil furthest away from 
the central axis extending from the growing tip would be 
carried along at a greater velocity than elements closer to 
the axis causing a flattening and extension of the polymer 
coils, However, as the polymer coils become flattened and 
extended, the force of the shearing flow field would be 
expected to diminish as outer parts of the coil are pulled 
closer to the central axis extending from the growing tip • 
Thae, it would be expected that a particular polymer coil, 
shearing flow would cause extension and crystallization 
only up to the point that the polymer coil was still 
sufficiently large enough in diameter to feel the minimum 
extensional force required for cryst_a,llization, The ob-
servation by Blackadder and Shle.iaitz that a minimum 
extensional component of their acoustic flow field was 
required to induce crystallization 4 as well as the 
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calculations of A, J, McHugh 16point to the necessity of 
this minimum extensional force to produce crystallization, 
It would thus appear unreasonable to expect the entire coil 
to be incorporated into a smooth backbone, 
A schematic representation of the model is presented 
in Figure~. Note the similarities and differences between 
this representation of the growth process and that presented 
by Pennings in Figure ii, In the Pennings model a chain 
is shown to uncoil as if it were being unrolled, Chain 
ends are uncoiled and extended to form an integral part of 
the extended chain backbone. As shown in Figure 29, one 
would expect the polymer coils to flatten and extend rather 
than unroll and extend, As the coils flatten and extend, 
they would be pulle::d closer to the axis extending from the 
growing tip and would experience a diminishing force from 
the shearing flow field, To provide for continuous growth 
at the tip, polymer chains already incorporated into the 
extendedctchain backbone would be entangled with the en-
tangled polymer network of the solution, 
Perhaps the most important feature of the model 
depicted in Figure 29 deals with the fact that polymer 
coils reach a minimum size upon being flattened and ex-
tended, beyond which, the shearing flow field cannot 
provide force jufficient for crystallization, The re-
maining portion of the polymer coil would then be meft 
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Figure 29 - Model for the crystalline growth process. 
Chains are flattened and extended by the shearing 
flow field causing ·induced crystallization. At the 
outer edge of the extended chain backbone, the fluid 
velocity deo~••*•• to zero. With no driving force for 
exten1ion a layer of random, uncrystallized coils is 
left at the surface of the backbone. 
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hanging from the extended chain backbone. The relative 
amounts of material incorporated into the backbone or 
left dangling from the backbone would thus be determined 
by the same factors governing the nucleation process, 
namely molecular weight, fluid mechanics, concentration, 
and temperature. It is expected that a considerably 
larger proportion of the polymer chains might be left 
dangling from the backbone rather than incorporated into 
it under conditions of low shear rate and low molecular 
weight. With increases in molecular weight or shear 
rate, the proportion in the extended chain backbone would 
be expected to increase. A quantitative treatment of the 
model, such as the one Dr. McHugh has presented for the 
nucleation process1.6 would be required in order to make as 
a priori judgment as to the relative proportions. 
In essence, the model assumes, as does the Pennings 
model, that in one step, the already nucleated crystal 
grows within a shearing flow field to form a long extended 
chain fiber. However, this model, as opposed to the 
Pennings' model, predicts that polymer chains from the 
fiber extend uncrystallized into the polymer solution. 
In the case d-' poorly washed crystals, other chains, r ·.' 
not incorporated into the backbone, would be entagtlad 
~ith the dangling portions of the polymer coils. In the 
case of crystals washed for extended periods, olnly 
chains partly incorporated into the crystalline backbone 
would remain. In both cases, the uncrystallized chains 
dangling from the central backbone might be likened to 
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a uniform "fuzz" coating the entire surface of the back-
bone, In a sedond step, upon cooling or removal of the 
crystals from solution, the dangling portions of the 
polymer chains would crystallize to form partly chain-
folded, partly extended-chain beads or kebabs upon the 
central backbone, It is believed that this understanding 
of kebab formation may explain many of the different and 
sometimes conflicting experimental observations of the 
different investigators regarding shish-kebab morphology. 
The desired conformation of polymer chains upon 
crystallization from solution has been shown to be chain-
folded, Thus one would expect the dangling coils extending 
from the fibrous backbone to take a chain-folded conforma-
tion upon cooling or removal of the crystals from solution, 
However, chains tethered or bound to the fiber backbone 
would be prevented from free movement, Hence, segments 
of the polymer chains ~ould be free to chain-fold, while 
other segments might be subject to extention in an attempt 
to chain-fold, The conclusions of Kreuger and Yeh con-
• 13... • 
cern1ng the kebab structure are here noted, Their se-
lected area electron diffraction work indicated many 
small G-axis oriented crystallites with random orienta-
tion about the C-axis, exhibiting the dual chain-folded, 
chain-extended nature of the beads or kebabs, 
A clue as to the possible mechanism of bead or kebab 
formation from the dangling coils extending from each fibril 
may be obtained by observing the usual shape of well-washed 
shish-kebabs, A close look at any of the Fortiflex micro-
'· 
'\ 
graphs of figures 5-9 will reveal that the kebabs appear 
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\ 
to be tapered as distan9't(''from the central backbone in-
creases. The observation, first noted}:by Pennings, can 
be explained by the larger concentration of chain segments 
near the central backbone than at the outer edge of the 
dangling coils. This concentration gradient would be re-
quired by the attachment of the coils to the backbone. 
But more importantly, the kebabs appear as if they have 
been formed by pulling segments of the uncrystallized 
coils together. Figure JO presents a schematic representa-
tion of this process. Chain segments parallel to the fiber 
axis could account for this "pulling together" mechanism 
in their attempt to chain-fold upon cooling. In addition, 
chain segments oriented parallel to the fiber axis could, 
in the same way, be held accountable for the observed 
Keller and Machin veil. 
Perhaps a better description of the chain configuration 
within a kebab might be part random-oriented, part chain-
folded rather than part folded-chain, part extended chain. 
It has been observed that when chain-folded crystals are 
added to a solution from which shish-kebabs have been 
grown, the folded-chain crystals dissolve. From this ob-
servation, it is proposed that when shish-kebab crystals 
are reintroduced into hot xylene, the kebab portions of 
the fibers redisol:v:en into the solvent, forming random coils 
once again dangling from the extended chain backbone. 
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Figure JO - The cooling step. Chain-folding of chain 
segments parallel to the extended chain backbone 
would provide the driving force for the pulling 
together of the uncrystallized, attached random coils 
into regular beads or kebabs. 
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They would be in solution, but intimately connected to the 
fibrous backbone, Again upon cooling or removal from the 
;-1'-~nt, the bead or kebab portions of the crystals would 
~eforflr. ·Just as discrete folded-chain crystals and more 
randomly oriented, melt-produced crystals have been ob-
I 
served to dissolve-in the ho:t solutions from which shish-
kebabs have formed, the part folded-chain, part random-
oriented kebab crystallites would be expected to dissolve, 
Evidence for this understanding of kebab formation 
comes from the Pennings experiment that showed selective 
dissolution of unwashed fibres to reduce by half not only 
kebab diameters but also kebab spacings. In the selective 
dissolution experiment the unwashed fibrils would contain 
unattached coils entangled with attached coils, These 
unattached coils would add to the diameter of the uniform 
,fmzz" covering the backbone, Because of their distance 
from the central backbone and points of rigid attachment, 
the unattached chains would be able to pull together over 
longer distances producing wider spacings that those of 
washed crystals, Upon selective dissolution, the unat-
tached chains would be disentangled by mechanical agi-
tation and washed away. The reduced distance of the outer 
edge of the "fuzz" to the central backbone would require 
smaller spacings beteen kebabs, The outer edge of the 
coiled uncrystallized chains would be closer to points 
of attachment along the ~ibrous backbone requiring that 
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the outer edges pull together over shorte~ distances 
than unwashed crystals,producing closer spacings. 
A close examination of the process by which chains 
parallel to the fiber axis pull together yields another 
., 
variable perhapas as important as "fuzz" depth to the 
morphology of the final product. When one considers that 
it is a chain-folding process of the parallel caain segments 
that would be held responsible for the pulling together 
mechanism, one must consider the rate of cooling of the 
"fuzz-covered" backbones. One would expect that slow 
cooling would allow the parallel segments to exert 
their influence over longer distances, producing wider 
spacings. It is thus believed that different cooling 
conditions can account for differences in the morphoogy 
of well-washed crystalline samples grown under nearly 
the same conditions such ans those shown in Figures 8 
and 9 from the experimental section of this paper. It is 
-bel1~ved thHt Figure 9 shows crystals that have been more 
quickly cooled than those of Figure 8. Note in particular 
that the k.e.bab diameters of Figure 8 appear tb be larger 
and that the kebabs appear to be more wieely spaced than 
those of Figure 9. 
Recall th~tt the "fuzz" about the .central backbone. 
consists.:.of random coils attached to the chain backbone and 
of other coils entangled with the attached coils. One 
would imagine that as the coils were pulled together by 
the cahain-folding of nha:insegments parallel to the 
backbone, the coils would be,pme squashed into platelets 
perpendicular to the .backbone. The more· that the coils 
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could be squashed during the cooling process, the thinner 
the pletelets would be, and the larger would the. dis.miter 
of the platelets,.would hecomeo S1npe·onev,W01lildr1:xp1Ctlthat 
slow cooling would allow the random coil0o become more 
squashed than fast cooling, one would expect slow cooled 
crystals to exhibit beads with larger spacings thah fast 
12 cooled crystals. Kreuger and Yeh in a set of washing and 
cooling experiments have made precisely this observation. 
Bead diameter was observed .to decrease with increased 
washing and increased cooiingo Kreuger and Yeh show 
electron m1crographa:of the same crystalline sample that 
has ·experienced threa d1:ff'enent conditions of wasa1ng and 
cooling. It is noted that the shape of the crystals becomes 
more rounded gs the cooling rate increa1es, indicating that 
the chains h~ve not been squashe:!_as)much as the more 
pointed and tapered, slower cooled crystals shown in the 
other two microgr8phs. 
In a similar manner, it is believed that the model 
accounts for the observed one-to-one correlation between 
average bead spacings and bead diameters from different 
samples •. Just as the model accounts for a decrease in ·kebab 
spacings and diameters with 1ncrea~ed wasing and cooling, 
the model would predict a minimum diameter and spacing for 
each crystalline fibril. This minimum would correspond to 
perfeotly washed f1brils,fr•• of all unattached coils, 
. cooled by quenching. However, to observe a correlation 
between different samples one would only need ensure that 
each sample was well-washed or contained a minimum depth 
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of "fuzz". Then the dir~ct relationship of diameter to 
spacing would ensure the possibility of a correlation 
betwP-en the r~tio of average bead spacings to bead diameters 
for different samples. It has not yet been ·determined why 
the ratio should be so nearly one-to-one, but the model 
would pred1cj'fhat a correlation between ratios should 
exist for samples with equivulent depths of "fuzz" about 
the central backbone. 
With regard to Keller and Willmouth's judgment that 
a micro-shish-kebab substructure exists within the 
backbone of shish-kebab structures 11 , the model would 
predict that no such substructure, in fact,· . :extsts. It 
would predict that what Keller and Willmouth were observing 
were very small, densely packed beads uoon the extended 
chain b'1Ckbone. Like those of Figure 9, they woud have formed 
by rapid cooling of well-washed fibrils, 
A model must ba judged on the basis of its ability 
to explain and predict experimental observations. The 
model presented in this paper has. been ShQwn to be capable 
of ·expla}ning a.wide diversity of.experimental observations. 
by_a number.of different investigators. With further 
examination of the various details of the model, it is expected 
by the author that the model may become a predictive tool 
for predicting further experimental results. The model 
provides for obvious extensions to the situation of flow 
induced crystallization from the melt. Unfortunately, 
-the·model predicts the impossibility of producing purely 
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extended chain l:lackborres without infinitely large 
molecular weights and/or shear rates. 
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